The clinical diversity of thalassemia depends on interaction of diverse genetic defects. We have characterized a severe form of a thalassemia caused by coinheritance of a rare aglobin gene deletion and a nondeletional defect in a southern Italian family. The proband, a 7-year-old girl, exhibited an abnormal hemoglobin electrophoresis pattern with hemoglobin H and hemoglobin Barts, indicating inheritance of a severe form of a thalassemia. Southern blot analysis of DNA showed normal as well as aberrant a-globin gene fragments indicating heterozygosity for a deletional form of a thalassemia in the proband and her mother. The coinheritance of a nondeletional form of a thalassemia (aa') was suspected because of the severity of the proband's phenotype and the presence of normal a-globin gene fragments in the father. Selective polymerase chain reaction of the paternal a,-and a,-globin genes in the proband followed by DNA sequence analysis showed an AATAAAto AATGAA EMOGLOBIN H (Hb H) disease is a major clinical syndrome resulting from a thalassemia. It is characterized by hypochromic microcytic anemia in the absence of iron deficiency and by the presence of abnormal Hb tetramers, Hb H (p4) and Hb Bart's (y4).' This phenotype most commonly results from deletion of three (--/-a) of four a-globin genes; however, other less frequent genotypes may occur, including coinheritance of an a-globin gene deletion (--) and a nondeletional defect (aaT), or interaction of two severe nondeletional defect^.'.^
mutation in the polyadenylation signal sequence of the a*-globin gene. Genomic DNA mapping and sequence analysis of a unique polymerase chain reaction product generated across the deletion breakpoint of the maternal allele showed a 5,201-bp deletion extending from 870 nucleotides 5' of the a,-globin gene t o nucleotide +519 in the al-globin gene. This deletion is similar to that previously suggested by blotting studies in a Greek family (Pressley et al, Nucleic Acids Res 8:4889. 1980 ) and removes the entire a,-globin gene and a portion of the 5' end of the al-globin gene. Sequence characterization of the resultant aberrant truncated al-globin gene from the proband showed a 27 nucleotide duplication corresponding t o the 3' end of the a-globin gene IVS-2 region separated by the insertion of a tetranucleotide (GGlT), suggesting that this deletion is caused by an illegitimate recombination event.
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lated regions (3'-UTR).637 The region of homology for each of the two genes spans from -832 bp 5' of the cap site to the 3'-polyadenylation site,' and is embedded in homologous duplication units of approximately 4 kb. This large stretch of sequence homology flanking and encompassing the two a-globin genes represents an ideal target for unequal homologous recombination, resulting in deletional events.' Examples of these events are represented by the common -a3' and -a4. ' deletions, which arise by misalignment among different segments of Imperfect alignment andlor slippage within the a 2 h I homologous regions during alignment holds potential for the generation of illegitimate unequal recombination, as in the case of ( -a5 ').I* In this report, we describe the interaction of rare deletional and nondeletional forms of a thalassemia resulting in Hb H disease in a southern Italian family. In addition, we characterize DNA sequence across the deletion breakpoint and compare this deletional event to another of similar size within the a-like cluster.
MATERIALS AND METHODS

Hematologic datu
and globin-chain synthesis. Whole blood samples from the proband, her parents, and one sibling were collected using EDTA as anticoagulant. Hematologic data were obtained using standard laboratory procedures'' with an electronic Coulter Counter (Model I1 Plus; Coulter, Hialeah, FL). Iron status was evaluated by studies of free erythrocyte protoporphyrin (FEP), serum iron, and transfemn ~aturation.'~ Hb determinations included diethyl aminoethyl (DEAE) cellulose microchromatography for quantitation of H b A*,'' alkali denaturation for quantitation of Hb F," and cellulose acetate electrophoresis at 4°C with densitometric quantitation of Hb H and Hb Bart's." Ratios of alp globin-chain synthesis were determined after the incorporation of 'H-leucine by reticulocytes, followed by reversed-phase high-performance liquid chromatography.'* DNA restriction analysis. Genomic DNA was isolated from peripheral blood leukocytes as described previo~sly,'~ and 10 pg of genomic DNA was digested at 37°C with 20 to 40 U of each restriction endonuclease, including BamHI, BgAI, NCO I, and Hpa I using buffer conditions specified by the suppliers. DNA fragments were separated by electrophoresis in agarose gels and transferred to a GeneScreen Plus nylon membrane (New England Nuclear, Boston, MA)." Filters were hybridized with 3ZP-labeled probes, washed, and processed for autoradiography. a,-Globin gene insert (1.5 kb) and $c fragment (2.0 kb) were isolated from pBRal after digestion with Pst 1'' or from pBRc after digestion with Hinfl?' respectively, and were used as radioactive probes after random primer labeling (Amersham, Arlington Heights, E)."
DNA polymerase chain reaction (PCR) ampl$cation and direct DNA sequence analysis. Deoxyoligonucleotides were synthesized by the phosphoramidite method using a 380B Synthesizer (Applied Biosystems Inc [ABI], Foster City, CA) at 0.2 pmol scale with (2-O-cyano-ethyl)-phosphoramidites.'3 After synthesis, primers were deprotected, dried under vacuum, redissolved in water, and quantitated without further purification to give a final concentration of 1 to IO pmoUpL. PCR was performed using a DNA thermal cycler (Perkin Elmer Cetus, Norwalk, CT). DNA amplification by PCR of a,-and cuz-globin genes from the paternal chromosome was performed using primers previously de~cribed.'~.~' Genomic DNA from a normal individual was used as control. Briefly, C-l (5'-TGGAGG-GTGGAGACGTCCTG-3') was used as a common upstream primer for both a-globin genes, whereas C-2 (5'-CCATGCTGGCACG'IT-TCTGA-3') and C-3 (5'-CCA'ITGlTGGCACAlTCCGG-3') were used as selective reverse primers for a, and a2, re~pectively.'~ Alternatively, DH-3 (5'-CCATGCTGGCACGTTTCTGAGG-3') was substituted for C-2.25 Selective amplification across the breakpoint on the rearranged maternal allele was performed by choosing an upstream primer, TP-2 (5'-TCC'IlTCCCTACCCAGAGCCA-3'), which maps 908 nt 5' of the cap site of the a,-globin gene in an area of sequence divergence in the 5'-flanking region of the a-globin genes.6 An a,-specific 3' primer was used (DH-3) in combination with TP-2 for PCR, so that amplification would only occur if these two sites normally separated by 5,608 bp were brought into close proximity as a result of the deletion. PCR conditions for amplification were as previously described2' with the following modifications: p mercaptoethanol was omitted and the dNTP concentration was reduced to 0.02 mmovL in the reaction for the rearranged allele. A total of 30 cycles were run under the following conditions: 95°C for 2 minutes, 62°C for 1.5 minute, and 72°C for 4 minutes in all cycles, except for 5 minutes in the last cycle. Amplified fragments were analyzed by electrophoresis on a 1% (wt/vol) agarose gel. The -438-bp PCR product was then subjected to restriction endonuclease digestion with Apa I, HindIII, and Hph I to localize the approximate position of the 3'-deletion breakpoint.
Genomic DNA sequence analysis of the two a-thalassemia alleles was accomplished using a Taq Dye Primer Cycle Sequencing Kit (ABI). Single-strand DNA was obtained using aliquots (1/20) from the first PCR amplification that were subjected to an additional 30 PCR cycles. MS-5 (5'-AAGCATAAACCCTGGCGCGC-3'), MS-AGGATCACGCGGG'ITGC-3') oligoprimers were used as internal sense primers for the nonrearranged paternal a2-and a,-globin genes in the proband. C-3 and DH-3 were used as antisense primers for a2 and a , , respectively. DNA sequence of the rearranged allele was determined in both directions using MS-8 (5'-CCCAGAGCCAGG-TTTGTITATC-3') and HG-3 or MS-9 (5"GAAGCCAGGAAC-TTGTCCAG-3') and TP-2 oligoprimers. The universal M13 priming site was synthesized and attached to each of the sense primers and to MS-9, which was used as antisense primer. Amplification was performed in a seminested asymmetrical PCR reaction. The reaction conditions were as follows: 0.02 mmol/L dNTP, 2.5 pmol of forward primer, 50 pmol of reverse primer, 2.5 U Amplitaq (Perkin Elmer Cetus), 16.6 (NH&?S04, 67 ITJIIIOIL T C~S (pH 8.8), 2.5 mmom MgCI2, 67 pmoVL Na2EDTA, and IO pg gelatin in a total volume of 100 pL. Conditions for denaturation, annealing, and ex-6 (5"GATGTTCCTGTCCTTCCCCA-3'), and MS-7 (5"CAG- tension were the same as in the first reaction. PCR product was analyzed on a 1% (wt/vol) agarose gel and used as a template for fluorescence-based DNA sequence analysis using Taq Dye Primer Cycle Sequencing following conditions specified by the supplier.26 One microliter of template from the second PCR was added to 1 pL diluted Taq Polymerase (0.6 U), 1 pL 5X Cycle Sequencing Buffer, 1 p L d/ddNTP mix, and 1 pL of the Dye Primer (0.4 pmoVL) for dideoxy-A or dideoxy-C terminations, whereas reaction volumes were doubled for the dideoxy-G and dideoxy-T terminations. PCR was for 25 cycles with each cycle at 96°C for 30 seconds, 50°C for 15 seconds, and 60°C for 4 minutes, and products were electrophoresed on an automated DNA sequencer (Model 373A; ABI) fitted with a 6% (wt/vol) polyacrylamide gel using version 3.01 software. Data were analyzed and compared with a-globin gene known sequence using the SeqEd program (ABI).
RESULTS
Hematologic data. The propositus, a 7-year-old girl of southern Italian extraction, was referred for investigation of persistent hemolytic, hypochromic, microcytic anemia, and splenomegaly. Hematologic data for the proband (11-l), mother (I-2), and father (1-1) are reported in Table 1 . The normal Hb level and mean corpuscular volume (MCV) in the father are consistent with a normal complement of four a-globin genes, or with the presence of three functional aglobin genes (ad-a or aa/aTa). The mother has a decreased MCV, suggesting expression of only two a-globin genes, whereas the proband has a decreased Hb, and reduced MCV and mean corpuscular Hb (MCH). In addition, Hb electrophoresis showed Hb H and Hb Bart's, whereas globinchain synthesis studies showed a decreased alp ratio (0.4) in the proband, consistent with inactivation of three a-globin genes.
DNA restriction endonuclease analysis. Hybridization of BamHI, Bgl 11, and NCO I restricted DNA from the mother (1-2) and proband (11-1) with an a,-specific probe showed, in addition to normal bands (14-kb BamHI; 12.6-and 7.4-kb BgZ 11; 2.1-, 3.7-, and 4.8-kb NCO I), the presence of aberrant fragments of approximately 9 kb (BamHI digest ;  Fig lA) , 14.0 kb (Bgl I1 digest; Fig lB) , and 5.0 kb (NCO I digest; data not shown), indicating heterozygosity for a deletional form of a thalassemia. 1-1 had a normal fragment pattern, indicating that he was carrier for a nondeletional form of a thalassemia. The presence of Hb H and Hb Bart's in the proband suggested inheritance of an a'-thalassemia chromosome from the mother and a nondeletional form of a thalassemia from the father.
The gene-blotting results with BamHI and Bgl I1 suggested removal of an approximately 5-kb region mapping between the two adult a-globin genes, resulting in loss of the normal Bgl I1 site mapping between a2 and a , (eg, 14.4 kb aberrant Bgl 11 fragment, and 14.5 -5 = 9.5 kb aberrant BahHI fragment). Results with NCO I digests showed an aberrant -5-kb band (data not shown).
NCO I normally cuts at the AUG translational initiation codons of az and a1 as well as in the 5'-and 3'-flanking regions of a2 and al, respectively, generating normal a-gene fragments of 2.1 (5'-az), 3.7 (a2-aI). and 4.8 (al) kb. Detection of an aberrant -5-kb NCO I band suggested that the deletion encompassed both NCO I sites mapping within the a-globin genes (eg, 2.1 + 3.7 + 4.8 = 10.6 ->5 kb abemant fragment = -5.2-kb NCO I band). These results were consistent with maternal inheritance of an approximately 5-kb deletion encompassing the entire a2-globin gene, the intergenic region, and the 5' end of the aI gene (Fig 2) .
Characterization of deletional and nondeletional forms of a thalassemia by selective PCR and DNA sequence analysis.
We next attempted to generate a unique PCR product that spanned across the deletion breakpoint by selection of PCR primers in areas of sequence divergence within the a-like cluster that were located more than 5 kb apart in normal DNA. On the basis of mapping studies, primer TP-2 was synthesized complementary to a region ldcated 908 nt upstream of the cap site of the az gene in a region of sequence divergence to avoid annealing to the aI 5'-flanking region. Reverse primer DH-3, complementary to the 3'-untranslated region of the al gene, and primer TP-2 were then used to generate a unique PCR product across the breakpoint of the maternal allele. No PCR product from controls' or the father's DNA was detected, because of the distance between these two primers in normal DNA (>5.6 kb). A unique fragment of approximately 438 bp was produced using genomic DNA from 1-2 and 11-l. The deletion size (-5.2 kb) was estimated from the spacing of TP-2 and DH-3 primers in normal DNA. Further digestion of this unique PCR product localized the 3' breakpoint to the region between the HindIII (deleted) and Apa I (conserved) sites in IVS-2 of the al gene (Fig 2, gel) . Direct DNA sequence analysis of the PCR product showed that the 5' breakpoint was located 871 nt upstream of the cap site of the a'-globin gene, whereas the 3' breakpoiit mapped within the second intervening sequence (IVS-2) at nt 66 of the intron, 47 nt 5' of the 7 nt gap in IVS-2. Sequence analysis across the breakpoint showed a duplication of 27 nt (5'-ATCACGCGGG'ITGCGGGAGGTGTAGCG-3') homologous to the 3' end of IVS-2 in both genes, which was separated by a tetranucleotide GG'IT insertion (Fig 3A) . Normal sequence of the aI gene resumed after the GGTT insertion. Comparison of sequence across the deletion junction shows homology to the Z box region 5' of a2 and the IVS-2 region of the a-globin genes (Fig 3B) .
The hematologic data and gene-blotting studies also suggested the presence of a nondeletional form of a thalassemia in the father and proband. The a ' -and al-globm genes from the paternal chromosome in the proband were selectively amplified and genomic DNA sequence determined taking advantage of the 5.2-kb maternal deletion in trans. An A to G transition was found in the poly(A) addition signal sequence of the a ' gene that changed the normal AAT-M to AATGAA (Fig 4) . The same mutation was confirmed in 1-1 (&<not shown).
DISCUSSION
In this study, a subject from southern Italy is described in which three of four a-globin genes are inactivated, leading to Hb H disease caused by interaction of a ram deletional form of a thalassemia (-a"') with a polyadenylation mutation in the a2-globin gene. The deletion may be similar to that described previously by geneblotting studies in a Greek patient and named (-a5.'). " DNA sequence analysis across the. breakpoiit in our patient showed a 4-bp insertion, indicating that the deletion may have arisen by an illegitimate recombination event. The molecular events generating these types of deletions are multiple, complex, and poorly defined. Regions of homology in the a -l i e cluster facilitating homologous recombination may also play a role in illegitimate recombination e~ents.3~' Extensive regions of sequence homology are present within the a-like cluster in humans (Fig 5; X, Y, and Z boxes under normal a cluster in center) that participate in mispairing and in various deletional forms of a thalassemia. These topologic features facilitate homologous unequal recombination events that lead to the common rightward (-a'") and leftward ( -a4") deletions.'"''
The size of the two Y boxes differs because of the presence of a 27-bp deletion in a ' .
' Y box homologies and looping out of nonhomologous box III (Fig 5) could allow initial misalignment to procede as long as sequence homology is maintained. The boundaries of misalignment for this deletion are defined at the 5' end by the 2-bp gap at position -871 5' of a2 and at the 3' end by sequence divergence in IVS-2 of the a-globin genes. The 5' breakpoint of the deletion breakpoint interrupts the a gene at 47 nt 5' to the area of sequence divergence in IVS-2 that defines the 3' boundary of misalignment.
The unique feawe of our deletion is determid by the pmence of a 27-nt duplication sepanued by a tetranucleotide insertion. Small repeats can be identiiied at the breal<points of a variety of deletion^.^ The 27-nt repeat derived h m IVS-2 could be generated to maintain Y box lengths, which differ by 27 nt. Insertion of the 4 apparent orphan nucleotides ( C c " ' ) bridging the duplication could further stabilize homologies. The 4-nt insertion could be the result of a recombination event linking the duplicated IVS-2 regions; or, alternatively, could be the result of a gene-mnversion/lod duplication of similar GGlT repeats located 15 bp upstream and 8 bp downstream of this 4-nt insertion within the IVS-2 duplicated region.
A second deletion (~r)a"~ that encompasses $al and the 5' portion of the a2-globin gene was recently reported to be the result of an illegitimate recombination event." The 3' breakpoint of this deletion maps just 1,058 bp 3' to the 5' breakpoint of the 5.2-kb deletion in our study (Fig 5) . In addition, the size of these two deletions is very similar, suggesting a common mechanism generating these two rare deletional forms of a thalassemia. The 5' breakpoint of the ( a ) a ' ' deletion maps 822 bp upstream of the cap site of the @,-globin gene, whereas the 3' breakpoint occurs 58 nt into IVS-1 of the a2-globin gene." The sequence of the fragment 5' to the breakpoiit had 15 single-base differences compared with the normal $al region (12 substitutions, 2 deletions, and 1 insertion)," whereas a2 sequence 3' to the breakpoint was normal. It is not clear whether the (-a'") deletion is generated by an interchromosomal or intrachmmosomal crossover event; however, a model has been presented for intrachromosomal loopout as the basis for the (a)# deletion."
The deletion reported in this southern Italian family can be misdiagnosed on Southern blotting after B m H I and Bgl II digestion using an a-specific probe, because the abnormal fragments migrate close to those produced by the ( -8 ) deletion. Definitive diagnosis is obtained when controls for the various deletions are included on the same blot (Fig 1) . Distinction between the (-as.2) and (a)a5" deletions is readily achieved by probing BgZ II digests with an a-gene probe. Moreover, PCR-based assays are now available that span the two deletion breakpoints. For personal use only. on August 30, 2017. by guest www.bloodjournal.org From The 5.2-kb deletion described and characterized here may be similar to that previously reported in genomic mapping studies of a Greek family.'* Current data cannot rule out whether these two deletions are different; however, the geographic proximity of the Italian peninsula and Greece, in addition to the population migration at the time of Magna Grecia, suggests a single molecular defect spread through these common roots. Analysis of the breakpoint sequence in the Greek deletion may further help clarify the origin of these deletions.
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In our study, the paternal allele in this family contains an A to G mutation in the polyadenylation signal sequence of the a2-globin gene that has been described recently in a Turkish individual with a thalassemia.3" Six different mutations in the poly A signal sequence of the &globin gene have been reported, and all cause mild 0' thalassemia.." Two poly A mutations are known in the a2 gene: AATAAA to AATAAG found in numerous individuals of Turkish and Saudi Arabian descent'2; and, AATAAA to AATGAA described here and in a single large Turkish family.3n This same change is also present normally in the +a,-globin gene."." Functional studies show that extended transcripts generated from a mutant poly A signal sequence in the a,-globin gene (AATAAA to AATAAG) may reduce expression of the neighboring a,-globin gene in cis, probably by transcriptional interference, resulting in decreased expression of both adult a-globin genes on the same chromosome." We presume a similar mechanism may be operative for the poly A mutation in our study; however, detailed functional analyses are required to test this hypothesis. For personal use only. on August 30, 2017. by guest www.bloodjournal.org From
